Flavin-based electron bifurcation (FBEB) is a recently discovered mode of energy coupling in anaerobic microorganisms. The electron-bifurcating caffeyl-CoA reductase (CarCDE) catalyzes the reduction of caffeyl-CoA and ferredoxin by oxidizing NADH. The 3.5 A structure of the heterododecameric Car(CDE) 4 complex of Acetobacterium woodii, presented here, reveals compared to other electron-transferring flavoprotein/acyl dehydrogenase family members an additional ferredoxin-like domain with two clusters N-terminally fused to CarE. It might serve, in vivo, as specific adaptor for the physiological electron acceptor. Kinetic analysis of a CarCDE (ΔFd) complex indicates the bypassing of the ferredoxin-like domain by artificial electron acceptors. Site-directed mutagenesis studies substantiated the crucial role of the C-terminal arm of CarD and of ArgE203, hydrogenbonded to the bifurcating FAD, for FBEB.
A new mode of energy coupling, termed flavin-based electron bifurcation (FBEB), was recently discovered [1, 2] by which energy conservation in many anaerobic microorganisms, living at the thermodynamic limit, is made possible. Such organisms include fermenting bacteria, methanogenic archaea, and acetogenic bacteria. In FBEB, a variable exergonic reduction drives the endergonic ferredoxin reduction thereby sharing the same oxidizing agent. A flavin (F) serves as coupling medium due to its capability to split a two-electron into two one-electron reduction events of distinct energy constituted by the electronic nature of the isoalloxazine ring and the polypeptide environment. The thermodynamically unfavorable FH À /FH Á oxidation is driven by a strong variable electron acceptor and the favorable FH Á /F oxidation powers the reduction of the weak electron acceptor ferredoxin (Fd ox /Fd À red ). An analogous process was reported for the membranespanning cytochrome bc 1 complex where quinol is both the electron donor and the site of bifurcation [3] .
Several FBEB enzymes are functionally characterized to date and recently reviewed [4] [5] [6] . One of them is the FBEB caffeyl-CoA reductase (CarCDE) which reduces 1 caffeyl-CoA to hydrocaffeyl-CoA (E 0 0 % +33 to À10 mV; based on the fumarate/succinate or crotonyl-CoA/butyryl-CoA couples) and 2 Fd ox to 2 Fd À red (E 0 0~À 450 to À500 mV) at the expense of 2 NADH (E 0 0 = À320 mV) which are oxidized to 2 NAD + [7] (Fig. 1) .
The CarCDE complex is composed of the acyl dehydrogenase module CarC and an electron-transferring flavoprotein module consisting of subunits CarD and CarE (Fig. 1) . All three subunits contain a noncovalently bound FAD as a prosthetic group. In addition, CarE contains an N-terminal ferredoxin-like or Fd-like domain carrying two [4Fe-4S] clusters. CarCDE is a key enzyme in caffeate respiration, a novel type of anaerobic respiration in the acetogenic model bacterium Acetobacterium woodii (Fig. 1 ). With molecular hydrogen (E 0 0 = À414 mV) as electron donor, reduced ferredoxin (Fd À red ), the fuel for the respiratory chain, can only be produced by the FBEB reactions of CarCDE and [FeFe] hydrogenase [8] . The functional characterization of these two soluble FBEB complexes closes the missing gap for a complete understanding of the bioenergetics of caffeate respiration in A. woodii [7] .
Besides NADH-dependent reduced ferredoxin : NADP + oxidoreductase [9] [10] [11] [12] [13] , the biochemically and structurally best-studied FBEB system is the electron-transferring flavoprotein/butyryl-CoA dehydrogenase (EtfAB/Bcd) complex, which is an enzyme in butyrate-producing clostridia [1, 2, [14] [15] [16] [17] [18] [19] . It couples the exergonic reduction of crotonyl-CoA to butyrylCoA with the endergonic reduction of ferredoxin both by oxidizing of NADH to NAD + . The EtfAB/Bcd complex is phylogenetically related to CarCDE; CarC, CarD, and CarE correspond to Bcd, EtfB, and EtfA, respectively. In this report, the X-ray structure of caffeyl-CoA reductase of A. woodii, is described and a mechanism for FBEB postulated. Based on structural and mutational data, we focus on the function of the Fd-like domain which is absent in the EtfAB/Bcd complex.
Material and methods

Cultivation of A. woodii and purification of CarCDE
Acetobacterium woodii (DSM 1030) was grown at 30°C under anaerobic conditions in 20-L flasks (Glasger€ atebau Ochs, Bovenden-Lenglern, Germany) using 20 mM fructose as carbon and energy source as described previously [20, 21] . At an OD 600 of~0.3, caffeate was added to a concentration of 5 mM. Purification of the enzyme from cell paste of A. woodii was done as described before [7] . In addition, an iron-sulfur cluster reconstitution was performed at room temperature for 1 h under strictly anaerobic conditions using 8 mM DTT, 10 lM FAD, 2 mM cysteine, and 1.5 mM FeSO 4 .
Cloning, production and analysis of sitespecifically mutated CarCDE variants
The genes carCDE were amplified from chromosomal DNA and cloned into the expression vector pET21a via the restriction sites NheI and NotI. A sequence encoding Streptag was introduced at the 3 0 -end of the gene coding for CarE by using corresponding primers (Table S1) [22] , which was grown Fig. 1 . Reaction of CarCDE. The FBEB enzyme CarCDE catalyzes an important process of caffeate respiration by using the energy of the enoyl carbon-carbon double bond of caffeyl-CoA for ferredoxin reduction. The respiratory chain is rather simple and contains only two enzymes: a sodium-ion-translocating ferredoxin : NAD + oxidoreductase complex [47, 48] . The concentration of proteins was measured according to Bradford [23] . The integrity of the enzyme complex was analyzed on a calibrated Sephacryl S300 column equilibrated with buffer W. The iron content of the purified enzyme was determined by colorimetric methods [24, 25] .
Assays of caffeyl-CoA reductase activity
Kinetic measurements were routinely performed in a N 2 atmosphere at 30°C in 1.8-mL anaerobic cuvettes (Glasger€ atebau Ochs), which were sealed with rubber stoppers. A caffeyl-CoA regeneration system was used in all measurements as previously described. Caffeyl-CoA used in the assays was synthesized enzymatically with the caffeyl-CoA synthetase from A. woodii [26] . The ferredoxin used was isolated from Clostridium pasteurianum as described earlier [27] . Enzyme assays for the determination of the NADH : ferredoxin:caffeyl-CoA oxidoreductase activity contained buffer M (50 mM Tris/HCl, 20 mM MgSO 4 , and 2 mM dithioerythritol, pH 7.5), 250 lM caffeate, the regeneration system, 8 lg of protein, 5 lM caffeyl-CoA, and 20 lM ferredoxin. The FBEB reaction was started by the addition of 500 lM NADH [7] . The same assay conditions were used for the other redox agents using instead of 20 lM ferredoxin 50 lM FAD, 50 lM FMN, 500 lM dichlorophenol indophenol and 1 mM ferricyanide (K 3 Fe(CN) 6 ). Measurements using the methyl viologen oxidation assay were done as described earlier [7] . NADH oxidation and electron acceptor reduction were measured by UV/Vis spectroscopy (see Table 2 ).
Crystallization and X-ray structure determination CarCDE was crystallized with the sitting-drop method at 20°C in an anaerobic chamber equipped with an OryxNano crystallization robot (Douglas Instruments Ltd., Hungerford, UK). The crystallization conditions are given in Table 1 . Crystals showed an anisotropic diffraction pattern and normally diffracted to ca. 5
A. After intensive screening one crystal reached a resolution of ca. 3.5
A at the beamline PXII at the Swiss-Light-Source in Villigen (Switzerland) and a dataset was collected. XDS [28] was used for data processing and the UCLA-DOE LAB server for anisotropic correction [29] . The resulting resolution was 3.0 A in a-, 3.7 A in b-and 3.5
A in c-direction specified according to statistic considerations ( Table 1 ). The structure was determined by molecular replacement using PHASER [30] and the separated Bcd and EtfAB of Acidaminococcus fermentans as model [15] . COOT was used for electron density analysis and model building [31] . While the quality of electron density was reasonable for CarC, sufficient for the CarDE base and domain II, it was ambiguous for the N-terminal Fd-like domain which was highly mobile and partly disordered. Refinement was performed with REFMAC [32] , PHENIX [33] , and BUSTER (Phaser; Global Phasing Ltd., Cambridge, UK) requiring a series of remodeling steps. A second dataset was measured at the iron edge (1.738 A) at ca. 4.0 A resolution using a crystal grown from a CarCDE complex solution supplemented with 2.5 mM NADH ( Table 1 ). The sites of the four iron-sulfur clusters in the asymmetric unit could be identified by SHELXD [34] which confirmed the location of the Fd-like domain and supported its model building. The obtained coordinates of the CarCDE complex were used to determine the structure of CarCDE-NADH complex by molecular replacement. The results of the refinement are given in Table 1 . Figs 3, S1 and S2 were generated with PYMOL (Schr€ odinger; LLC, New York, NY, USA). The atomic coordinates and structure factors of the CarCDE complex have been deposited in the Protein Data Bank, www.pdb.org with ID code 6FAH.
Results
Production of CarCDE and site-specifically mutated variants
CarCDE was initially isolated from A. woodii as described [7] and all crystallization attempts were performed with the obtained protein sample. The stability of the CarCDE complex and the highly O 2 -sensitive [4Fe-4S] clusters could be substantially increased by adding an iron-sulfur cluster reconstitution step to the purification protocol and 30% glycerol to the enzyme solution.
For creating site-directed enzyme variants, we established a heterologous production system. The encoding CarCDE genes fused with a Strep-tag were cloned into the expression vector pET21a and expressed in the E. coli strain BL21(DE3)DiscR deregulated in iron-sulfur cluster biosynthesis. The CarCDE complex was anaerobically purified by strep-tactin affinity and Superose-6 size exclusion chromatography (Fig. 2) . Its iron content was detected to be 8.3 AE 0.5 mol per mol of enzyme. Heterologously produced CarCDE catalyzes NADH-dependent reduction of caffeyl-CoA and ferredoxin with a rate of 3.3 UÁmg À1 (NADH oxidation) in a coupled manner. The obtained specific FBEB activity is 97% of that measured for the enzyme isolated from A. woodii. Site-specifically changed CarCDE variants were produced and analyzed by the same procedure after mutating the gene by the single nucleotide exchange method via corresponding primers (See Table S1 and Materials and methods). All enzyme variants produced, which were able to catalyze the FBEB reaction, showed a similar specific activity as the wild-type. The produced CarCDE variants and their kinetic behavior are summarized in Table 2 .
Structure of CarCDE
Caffeyl-CoA reductase was found in the crystal as heterododecameric Car(CDE) 4 complex. The CarC tetramer constitutes the core and four EtfAB-like modules CarDE are peripherically attached (Fig. 3A) . Each CarC monomer is built up of the well-established acyl dehydrogenase fold [35] . As reported for other EtfAB family members [15, 19, [36] [37] [38] , CarDE consists of domains I (E70-E275) and III (D1-D232) constituting the CarDE base and domain II composed of the C-terminal flavodoxin-like part of CarE (E276-E402) and the associated C-terminal arm of CarD (D-arm D232-D262; Fig. 3B ). CarDE forms two contact points with CarC as observed in a similar manner in EtfAB/acyl dehydrogenase complexes [19, 39, 40] . The first interface is positioned between CarC2 and the CarDE base burying an area of 790 A 2 and built up by helices C6 : C21, C39 : C46, D190 : D198, and D66 : D77 (+the preceding loop). The second contact region is formed between CarC1C2 and domain II, the buried area being 640 A 2 (Fig. 3B) . The FADs of CarE domain II and CarC acyl-CoA dehydrogenase, e-FAD, and c-FAD, have an edge-to-edge distance of ca. 9 A and are bridged by the benzyl group of PheC155 of CarC1 (Fig. 3B) . As an electron transfer event (ET) is possible between these FADs [41] , the found CarCDE conformation is termed as D (dehydrogenase conducting) state. E-FAD and d-FAD (bound to CarD) are ca. 40 A aside from each other. In state D, domain II is spatially separated from the CarDE base solely connected by two solvent-exposed linkers (Fig. 3B) .
A comparison of CarCDE and separated Bcd and EtfAB from A. fermentans [15] revealed a perfect overlay between CarC and Bcd as well as between the CarDE and the EtfAB bases with rms deviations of 1.4 and 1.4
A, respectively, whereas domains II are rotated by ca. 80°relative to each other. The distance between d-FAD and e-FAD is ca. 19 A which is slightly too long for a biologically relevant ET rate. A further rotation of domain II without multiple clashes is feasible. This CarCDE conformation is termed electron bifurcation-conducting or B-state because an ET geometry is adjusted between e-FAD of domain II and (Fig. S1 ).
The polypeptide surroundings of c-FAD, d-FAD, and e-FAD are essentially conserved compared to those of the EtfAB/Bcd system [15] . The most pronounced polypeptide-d-FAD interactions are between ThrD95-N and -OG1 and O2, between Leu183-O and N3 as well as between ArgE203-NH1 and -NH2 and the N5-C4=O4 group. The invariant ArgE203 (Fig. 3C ) stabilizes oxidized FAD characterized by an unprotonated N5 and destabilizes, in particular, d-FADH Á containing a protonated N5. The most important polypeptide-e-FAD interactions are between ThrE327-OG1 and N5 as well as between HisE347-ND1 and ArgE310-NH1 and the N1-C2=O group which stabilized an e-FAD ÁÀ radical anion demonstrated for EtfAB [15] .
The Fd-like domain
In contrast to the EtfAB/acyl dehydrogenases structurally characterized yet, the CarCDE complex contains a Fd-like domain carrying two [4Fe-4S] clusters [7] . The Fd-like domain is fused via an 11 amino acids long linker at the N-terminal end of CarE. It is located at the outer edges of the Car(CDE) 4 complex (Fig. 3A) and only loosely attached to a loop region prior to the D-arm and the C-terminal end of helix E167 : E178 (Fig. 3C) . As the Fd-like domain is partially disordered, model building is not unambiguous. Fortunately, the low-resolution CarCDE-NADH structure (Fig. S2 ) and the structural relationship to the Clostridium acidurici ferredoxin (sequence identity: 40%) supports chain tracing. The two [4Fe-4S] clusters are ligated by four cysteines (Fig. 3C) A which appears to be slightly too long for an efficient ET considering the 14 A rule [41] . Interestingly, d-FAD and the proximal [4Fe-4S] cluster are bridged by TrpD96. Its aromatic indole ring has an edge-to-edge distance of ca. 7.5
A to d-FAD and ca. 8.5 A to the proximal [4Fe-4S] cluster (Fig. 3C) . The mobile Fd-like domain can be easily displaced but considerable polypeptide rearrangements are required to adjust a distance between these two redox centers below 16 A. Due to the short linker length an ET between the [4Fe-4S] clusters and c-FAD or e-FAD can be excluded in the D-and Bstates as their distances are minimally 35 A (Fig. 3B) .
Characterization of the CarCDE variants
To explore the function of the Fd-like domain, cysteines 10, For investigating the FBEB process, the D-arm (the 32 C-terminal amino acids of CarD) was cut off. The D-arm is a part of domain II which rotates between the e-FAD-c-FAD electron-conducting D and e-FAD-d-FAD electron-conducting B-states ( Figs 3B  and S1 ). The D-arm truncation has significant negative influence on stability and yield of the CarCDE complex. Furthermore, the FBEB capability was completely lost because no NADH oxidation was detectable in the presence of caffeyl-CoA and ferredoxin (Fig. 1) . Invariant ArgE203 of CarE (Fig. 3C) , whose side chain points to N5 and O4 of the bifurcating d-FAD, was exchanged against alanine, glutamine, or lysine. The resulting CarCDE(R203A, Q and K) complexes remained intact but were FBEB inactive.
Investigations of the CarCDE reaction by artificial/nonphysiological electron donors/ acceptors
To further investigate the redox processes and the function of the Fd-like domain, we determined the activities of the CarCDE complex in the presence of several artificial/nonphysiological electron donors or acceptors. The data obtained are summarized in (Table 2 ).
Discussion
The FBEB mechanism
CarCDE is the first structurally characterized FBEB enzyme complex of an acetogenic bacterium. Its occurrence as an heterododecameric Car(CDE) 4 complex allows four FBEB reactions which appear to operate independently. On the basis of the structurally detected relative geometry of the prosthetic groups and the substrate-binding sites, a mechanistic scenario could be postulated for the CarCDE reaction (Fig. 4) which is highly related to that of the bifurcating EtfAB/Bcd system [15, 19] . Accordingly, the electron-bifurcating d-FAD is initially reduced by NADH. In the low-resolution CarCDE structure crystallized in the presence of NADH (Table 1) [11, 13] , and heterodisulfide reductase [42] .
The low-potential electron acceptor
The physiological low-potential electron acceptor for CarCDE has not been identified yet. Therefore, we analyzed the ET pathway of the endergonic branch and the FBEB reaction with artificial electron acceptors. Kinetic measurements on CarCDE and CarCDE [ΔFd] suggests that the nonphysiological ferredoxin of C. pasteurianum does not accept electrons via the Fd-like domain but directly from d-FAD because the FBEB activity is neither dependent on the [4Fe-4S] clusters nor on the presence of the Fd-like domain (Fig. 4) . There are potential ferredoxin-binding sites sufficiently close to d-FAD; a ferredoxin was modeled into one of these sites in the related EtfAB complex [15] . The applicability of FAD and dichlorophenol indophenol (also bypass the [4Fe-4S] clusters of the Fd-like domain), besides ferredoxin, demonstrate the unspecificity of the low-potential electron acceptor which was also reported for the EtfAB/Bcd system [16, 17] . A special FBEB reaction might exist for dichlorophenol indophenol because its reduction proceeds independent on the presence or absence of caffeyl-CoA. We speculate that dichlorophenol indophenol is able to capture both electrons, one from e-FAD or c-FAD (after the first ET from bifurcating d-FAD) and the second (as ferredoxin) directly from d-FAD.
Nevertheless, electron supply directly from d-FAD might not be feasible if a larger protein complex acts as low-potential electron acceptor and if several workable candidates are present in the cell. Then, specificity becomes necessary and the Fd-like domain as adaptor between the residual CarCDE and, for example, a ferredoxin, a [4Fe-4S] carrying domain of the Rnf complex, or a flavodoxin of A. woodii would be plausible. The structural data suggest specific binding to be connected with an engagement process of the Fd-like domain to conduct electrons along the endergonic branch.
For gaining information about Fd-like domains comparable to that of CarE, we examined the database. Accordingly, CarE of A. woodii shows high sequence similarities to EtfA of various Clostridia species (65-76% identity). The vast majority of the most related EtfAB proteins contains a Fd-like domain at the N terminus. A further significant resemblance was found between CarE of A. woodii and the family of FixB proteins (28-30% identity) also composed of members with and without a Fd-like domain. FixB proteins are involved in the anaerobic carnitine and amine/polyamine metabolism and presumably also in a FBEB event [43] . Altogether, no significant common features between EtfAB sequences with and without a Fd-like domain and between the metabolisms of the corresponding microorganisms were deducible. The Fd-like domain of CarE (E1-E52) is shared by various enzymes, the most prominent examples being RsxB of the Rsx complex involved in superoxide sensor SoxR reduction [44] and RnfB of the Rnf complex (41-46% identity). Rnf is involved in ET to nitrogenase, e.g., in Rhodobacter capsulatus [45] and in ion-gradient formation in various Clostridia and A. woodii [46] . Obviously, this type of Fd-like module is optimized as lowpotential electron acceptor for various reactions in diverse organisms. 
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